Adopting an agent-based approach, this paper explores the topological evolution of road networks from a microscopic perspective. We assume a decentralized decisionmaking mechanism where roads are built by self-interested land parcel owners. By building roads, parcel owners hope to increase their parcels' accessibility and economic value. The simulation model is performed on a grid-like land use layer with a downtown in the center, whose structure is similar to the early form of many Midwestern and Western (US) cities. The topological attributes for the networks are evaluated by multiple centrality measures such as degree centrality, closeness centrality, and betweenness centrality. Our findings disclose that the growth of road network experiences an evolutionary process where tree-like structure first emerges around the centered parcel before the network pushes outward to the periphery. In addition, road network topology undergoes obvious phase changes as the economic values of parcels vary. The results demonstrate that even without a centralized authority, road networks have the property of self-organization and evolution; furthermore, the rise-and-fall of places in terms of their economic/social values may considerably impact road network topology.
Introduction
, and Newman-Gastern model (Gastner and Newman, 2006) .
23
Second, in network design models, a link is built to optimize a centralized objective, such 24 as minimizing the the Euclidean distance (Gastner and Newman, 2006) , minimizing de-25 tour (Schweitzer et al., 1998) , or maximize transportation potential bewteen two locations 26 (Yamins et al., 2003) .
27
Third, in agent-based discrete choice models, agents construct links with local objectives. For 28 example, Helbing et al. (1997 Helbing et al. ( , 1998 adopts an active walker model to model the evolution path dependency (Arthur, 1989) and multiple equilibria (Yang, 1998; Correa et al., 2004) .
36
Although a spectrum of sources can lead to the birth of roads, we desire to understand the economic incentives for road network growth from a microscopic view. The objective of this 1 research is to model the impact of individual land owners' behavior on road network patterns.
2
The idea is consistent with Powers's review of the history of road building in the US. First, 3 according to Powers (1910) , the early roads were built due to a call for communication and 4 navigation. In this research, we assume that roads are built by self-interested land developers 5 who aim to increase their own land parcels' accessibility. Second, "road building began at 6 centers and spread out with the spread of population" (Powers, 1910) . So in this paper a 7 center with the highest economic value of accessibility is presumed to exist (and therefore 8 other land owners most want to connect to it). This represents for instance the location 9 of a port or railroad station that provides accessibility to the outside world. Third, as 10 the anecdotal evidence about early roads in Massachusetts Bay Colony depicts, "in 1636 a 11 measure was passed in the Massachusetts Bay Colony which provided that two or three men 12 from adjacent towns get together and lay out proper roads...provided they did not necessitate 13 pulling down a man's house or going through his garden or orchard" (Powers, 1910) . To 14 replicate this scenario, the road network is thus modeled as an undirected graph on a land-use 15 layers comprising a grid of land parcels which roads cannot cross. While the gridiron pattern 16 is idealized, it has been de facto widely adopted in many places of the US 1 and elsewhere they are generated.
23
The rest of the paper is organized as follows. road network of the Twin Cities, which also backdrops our modeling methodology.
34
In both cities, the oldest neighborhoods and roads lie within a mile or two of the downtowns
35
1 The wide embracement of the grid-like pattern was mainly due to the history of land survey practice in the US in the 18th century, although whether its benefit outweighs its cost is still in question. 
Assumptions

11
In this research, we define a road (link) as a physical connection between two adjacent parcels.
12
The road network to be built overlays a grid-like land layer of N land parcels, respectively 
19
The agent model is programmed on the Netlogo platform (Wilensky, 1999) . In programming,
20
we adopt a square-like region as the basic layer with k × k (which equals N ) land parcels. In 21 our outputs, a non-centered parcel is symbolized by a green circle, and the centered parcel 22 is marked by a red circle. Parcel owner m (which also indicates parcel m) builds road link k in iteration t to maximize 25 the value of its parcel:
where d mj is the shortest path between parcel m and parcel j; δ represents the distance decay 27 parameter; w j refers to the value of accessing land j, which takes on a pre-determined value
28
(so that w center , the value of accessing j if it is the centered parcel (or an important locale p m (k, t) that can be obtained in iteration t is larger than the benefit of its previous iteration, 11 parcel owner m then will build link k. This is thus a locally selfish, myopic optimization, 12 maximizing short term benefit for the agent itself, similar to the greedy algorithm. After road networks are generated, some topological measures are used to evaluate the 15 networks: degree centrality (D), closeness centrality (C), and betweenness centrality (B).
16
While these concepts are originally proposed to measure certain properties for each node,
17
here we calculate their mean values for all nodes to assess the collective structural feature.
18
Let's assume undirected graph G of J nodes (potential junctions) and K links; the graph 1994) , the degree centrality of node i is defined as:
where k i is the degree of node i, i.e., the number of nodes adjacent to i.
25
Closeness centrality, C, is used to measure to which extent a node i is near to all the 1 other nodes along the shortest paths (Sabidussi, 1966) . The closeness centrality of node i is 2 calculated as:
where d ij is the shortest path length between i and j, the smallest sum of the edges length 4 throughout all the possible paths in the graph between i and j.
5
Betweenness, a measure of centrality of a node in a network, is the fraction of shortest paths between node paris that pass through the node of interest. Nodes that occur on more shortest paths between other nodes have higher betweenness centrality. The betweenness centrality of node i is:
where n jk is the number of shortest paths between j and k, and n jk (i) represents the shortest 6 paths between j and k which contain node i.
7
In this research, the multiple centrality measures are calculated through the UCINET soft- 5 Results and analysis
10
Our basic experiment is performed in the context of a 9 × 9 evenly-spaced grid in the form of the whole network ascends, and ultimately all parcels are connected to the network. Fig. 3 24 displays the evolution of network patterns in different iterations until equilibrium. We can 25 see that, at the end of the first iteration, the network pattern is tree-like. At the end of 26 the second round, the network expands to parcels on the periphery; some redundant links 27 are added to the tree-like structure. From the third iteration to the fourth iteration, the 28 network gradually become fully-connected. This evolutionary path reveals that road network 29 growth is a dynamic process where new roads are first built to connect to important parcels 30 before they expand to less important parcels. The tree-like structure emerges first; yet later 31 redundant links are added to the networks, which render multiple traveling paths from one 32 parcel to another.
33
What then are the impacts of different values of the key parameters on road network pat-terns? First of all, we perform a sensitivity test by changing the value of w noncenter from 0 to 1 100, while keeping other parameters fixed. Our hypothesis is that as w noncenter gets larger, 2 the network becomes denser. As expected, the simulation results disclose obvious phase 3 changes for road networks given different values of w noncenter (see Fig. 4 ). For example, if 4 w noncenter < 47, only four links emerge which all connect to the centered parcel. As w noncenter 5 becomes larger than 46, the threshold, all parcels are connected to the network (see Fig. 4 -2, 6 4-3). Moreover, when w noncenter is larger than 100, the grid-like network is fully connected.
7
Furthermore, Fig. 5 shows the mean degree centrality, closeness centrality, and betweenness 8 centrality for all connected parcels. All the centrality measures witness a sharp phase change 9 when w noncenter rises above 46. Also, when w noncenter > 90, the network switches to be fully 10 connected, and the centrality measures show no change thereafter. This phenomenon may 11 suggest that as the social, economic, or cultural values of neighborhoods surpass certain 12 thresholds, the "invisible hand"-people's motivation to access such areas-will induce road 13 network growth substantially.
14 Second, we fix the value of w noncenter to be 90, yet change the value of w center from 1200 to 15 1800. We find that when w center ≤ 1364, there will be no network (because 900 > 1364×4 −0.3 ,
16
i.e., the cost of building a link to the centered parcel is higher than the benefit). As w center 17 becomes larger than this threshold, the whole network becomes nearly fully-connected; when other parcels farther from the center, but also provides multiple paths for already-connected 34 parcels. Meanwhile the value of the whole network for each parcel increases.
35
Second, the growth of road network also features path dependency and phase changes. Re- In this paper, an agent model is developed to illustrate the dynamics of road network growth.
7
The model is based on the assumption that self-interested land parcel owners build roads 8 to increase the accessibility of each's parcel and thereby to enhance parcel value. After Note: d also equals the distance between two adjacent parcels. w noncenter = 90, N =81, and d = 4. The centrality measures equals 0 when w center < 1365, for there is no network generated. When w center = 1366, there is a drastic increase of the centrality measures, and the network becomes nearly fully-connected. When w center > 1367, the network is fully-connected; the centrality values become steady thereafter.
